ABSTRACT Dietary Lys needs for chicks were studied. A titration diet consisting of progressive amounts of dietary Lys from 0.95% up to 1.40% was fed to broiler chicks from 0 to 18 d of age. Optimal dietary Lys level was calculated using regression analysis. Body weight gain and feed conversion were maximized at Lys levels of 1.24% (1.10% digestible) and 1.27% (1.13% digestible) of diet, respectively. Blood samples were then collected from 2 groups: birds fed the lowest Lys level and birds fed dietary Lys nearest the determined requirement level (1.25% Lys). Plasma was analyzed for protein spectra via mass spectrometry and then classified by their functional
INTRODUCTION
Significant progress is being made in the area of genomics and its application to nutrition; several genes have been recognized as being regulated by dietary nutrients (Custer et al., 1997; Kelley and Sanderson, 1999) . It has also been established that certain genes regulate the uptake mechanism of nutrients into the intestinal epithelium (Katai et al., 1999) . Genes that control nutrient absorption are continuously being identified. Eventually, manipulation of these genes may result in considerable improvement in nutrient absorption, in turn leading to maximized production at minimal nutrient expense. Additionally, identification of proteins (PRT) via functional genomics should provide a variety of biomarkers that can be used in numerous ways to adjust for disease and metabolic or environmental disorders.
Proteins carry out most life functions, represent the bulk of cellular composition, and change in response to intra-and extracellular environmental changes. The blood plasma is an abundant proteome because of its complexity and because it may contain other tissue pro-2005 Poultry Science Association, Inc. Received for publication June 22, 2004 . Accepted for publication November 19, 2004. 1 To whom correspondence should be addressed: acorzo@poultry. msstate.edu.
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characteristics. The number of proteins was similar between the 2 samples, but there was a tendency toward increased peptides for specific proteins in plasma from chicks fed adequate Lys levels. Furthermore, after these proteins were classified, more muscle-related proteins were found in plasma samples of birds fed Lys-adequate diets. It would appear that an individual dietary amino acid deficiency does not necessarily translate into decreasing protein synthesis proportionate to body weight, but rather significant changes may be occurring within the types of proteins undergoing anabolism. In conclusion, results herein illustrate the potential for using functional genomics in nutritionally related responses of poultry.
teomes. Although the plasma proteome is more difficult to assess than that of other tissues because of its immense content of albumin and other abundant PRT, it is the most important proteome in disease diagnosis in humans (Anderson and Anderson, 2002) . Evolving technologies of mass spectrometry, sample preparation, and antibody arrays recently have allowed the largest (490) detection of blood serum PRT ever reported in a single assay (Adkins et al., 2002) . Preliminary attempts to recognize the blood plasma proteome of the chicken have been successful (Corzo et al., 2004) . Eighty-four blood plasma PRT, representing almost every body tissue, have been found, demonstrating the potential for biomarker identification (Corzo et al., 2004) .
Due to Lys limitation in corn-soybean meal diets and its involvement in PRT synthesis and broiler performance, the need for this amino acid has been extensively documented (Edwards et al., 1956; Thomas et al., 1978; Sibbald and Wolynetz, 1986; Hickling et al., 1990; Moran and Bilgili, 1990; Han and Baker, 1993; Holsheimer and Ruesink, 1993; Vasquez and Pesti, 1997; Kidd et al., 1998; Kidd and Fancher, 2001; Corzo et al., 2002) . Failure to meet an adequate dietary Lys level has been shown to Abbreviation Key: ∆CN = change in correlation value; LA = lysine adequate; LD = lysine deficient; PRT = protein; X-corr = cross-correlation.
adversely affect live performance and carcass yield and decrease tissue PRT content and deposition (Tesseraud et al., 1996) . Dietary Lys deficiency has also been shown to result in leg problems (Latshaw, 1993) . For all the aforementioned reasons, experimentation was designed to validate and apply a dose-response study in order to determine the adequate dietary Lys level of chicks from 0 to 18 d of age. Upon calculation of such requirement, blood plasma PRT were compared between the most Lys-deficient diet (LD) and that found to be most adequate in dietary Lys (LA), using tandem mass spectrometry.
MATERIALS AND METHODS

Dose-Response Experiment
Ross × Ross 508 male broiler chicks were obtained from a commercial hatchery after being given an antibiotic 2 and vaccinated against Marek's disease (HVT/ SB1) 3 by in ovo injection at d 18 and against New Castle disease (B1 type, B1 strain) 3 and infectious bronchitis (Massachusetts and Connecticut, live) 3 by aerosol at hatch. Chicks were randomly allocated to 80 pens (8 replicates/treatment; 15 chicks/pen), and fed 1 of 10 dietary Lys levels that linearly progressed at 0.05% intervals from 0.95%, as provided by the titration diet, to 1.40% (Table 1) . Each pen (0.9 × 1.2 m; 0.08 m 2 /bird) was equipped with one tube feeder, one nipple drinker (3 nipples/pen), and used softwood shavings. A gas brooder at each end of the house kept the house at thermoneutral conditions, and lighting was continuous. Supplemental Lys was added to the basal diet at the expense of an inert filler (sand). All other essential amino acids met or exceeded NRC (1994) recommendations. Chicks were provided the experimental diets ad libitum, in mash form, and live performance was determined at 18 d of age. Mortalities were weighed and recorded daily and used to adjust feed consumption and feed conversion. All experimental diets were analyzed for PRT-bound and supplemented amino acids to reaffirm expected amino acid levels (Llames and Fontaine, 1994) .
Upon calculation of Lys needs (d 18), a bird from each experimental unit was selected at random from the dietary treatment that optimized growth (LA) and the most Lys deficient (LD) dietary treatment (8 birds/treatment). Blood was collected (1 mL) by cardiac puncture and centrifuged (4,000 rpm, 10 min). Plasma was removed from each sample, subsequently pooled by treatment, and immediately frozen at −80°C until use. Filler represents inert space (sand) in the diet to which L-Lysine HCl was added at its expense.
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The vitamin and mineral premix contained (per kg of diet): retinyl acetate, 2,654 µg; cholecalciferol, 110 µg; DL-α-tocopherol acetate, 9.9 mg; menadione, 0.9 mg; vitamin B 12 , 0.01 mg; folic acid, 0.6 µg; choline, 379 mg; D-pantothenic acid, 8.8 mg; riboflavin, 5.0 mg; niacin, 33 mg; thiamin, 1.0 mg; D-biotin, 0.1 mg; pyridoxine, 0.9 mg; ethoxiquin, 28 mg; manganese, 55 mg; zinc, 50 mg; iron, 28 mg; copper, 4 mg; iodine, 0.5 mg; selenium, 0.1 mg. 
Blood Plasma Samples
Because higher abundance PRT may interfere with the detection of lower abundance PRT by tandem mass spectrometry (Adkins et al., 2002) , immunoglobulin depletion was performed on the samples. PRT purification by desalting and fat removal, digesting PRT to peptides using trypsin digestion at 37°C for 12 h, and sample preparation for mass spectrometry analysis were performed on 150 µL per sample as described by Adkins et al. (2002) . Peptides were then analyzed by strong cation exchange, followed by reversed-phase liquid chromatography 4 coupled directly in-line with electrospray ionization ion trap tandem mass spectrometry. Resultant spectra were used to search the nonredundant PRT database downloaded from the NCBI (2003) using TurboSEQUEST 6 as previously described (Corzo et al., 2004) . This software allowed correlation of experimentally acquired mass spectra with theoretical mass spectra generated in silico, allowing a specific peptide to be backtracked to a specific PRT. Annotated PRT were then categorized according to eukaryotic orthologous groups (Tatusov et al., 2003) .
Finally, a validation assay was also conducted to determine if the number of peptides detected via mass spectrometry could be indicative of PRT concentration per se. For that purpose, bovine serum albumin and hen egg lysozyme, routinely used as standards for calibration, were diluted at different concentrations and submitted for mass spectra analysis to determine a coefficient of determination between the number of peptides submitted and those detected.
Statistical Analysis
The dose-response experiment followed a completely randomized design, in which pen served as the experimental unit for analyses. Percentage data corresponding to mortality were transformed to arcsine √% for analysis. Data were analyzed using the GLM procedure of SAS software, and differences among means (P < 0.05) were separated with a repeated t-test using the least squares means procedure of SAS software (SAS Institute, 1996) . When significant quadratic responses (P < 0.05) were detected, regression analysis was used to estimate optimum dietary Lys by calculating 95% of the maximum or minimum response.
Throughout the mass spectrometry assays, a peptide was identified if the following Sequest criteria were met: cross-correlation (X-corr) >1.7 (+1 charge), >2.5 (+2 charge), >3.0 (+3 charge); ∆ correlation value (∆CN) >0.1; preliminary score >200; rank preliminary score <11. The X-corr score is a measure of how well the experimental mass spectrum (a, b, and y ions) matches the spectrum generated in silico with the nonredundant PRT database. ∆CN equals the X-corr from the top match minus the second best X-corr divided by the top X-corr. ∆CN measures how different the first identification is from the next best. The preliminary score is the top number of peptides in the database that have some match to the experimental spectrum within a standard mass tolerance. The rank preliminary score is the rank- ing of the particular match during the preliminary scoring. Establishing minimal reasonable preliminary score and rank preliminary score criteria decreases the size of a dataset to computationally-manageable sizes while minimizing the chance of discarding true PRT identifications.
RESULTS AND DISCUSSION
Analyzed values of the experimental dose-response diets were in close agreement with calculated values (Table 1) . Quadratic effects for live performance variables were observed (Table 2) . Regression analysis for BW gain estimated dietary Lys to be optimal at 1.24% of the diet (1.10% digestible; Figure 1 ) in agreement with Vasquez and Pesti (1997) . Lysine needs for corrected and uncorrected feed conversion responses were the same (Figure 2 ). The Lys need for optimum feed conversion was higher (1.27% total; 1.13% digestible) than that for BW gain and is in agreement with responses observed by Vasquez and Pesti (1997) . Dietary Lys level did not influence feed intake or mortality. Requirement estimates by Kidd and Fancher (2001) are comparatively lower than present findings. When Lys is expressed as a function of intake against BW (Figure 3) , a significant quadratic response is observed. Upon calculation of the maximum response, it was estimated that broiler chicks needed a cumulative total of 9.3 g of dietary Lys for the 0-to-18-d feeding period to achieve maximum growth. This calculation is in close agreement with the dietary Lys amount consumed by those chicks fed closest to the optimum performance (1.25% Lys = 9.4 g of Lys).
Mass spectrometry analysis of the plasma samples identified a total number of 139 different PRT from the LA and LD samples. Of the identified PRT, 120 and 118 were found in plasma from birds fed LA and LD diets, respectively. Ninety-nine PRT were common to both samples. It seems premature to suggest that PRT numbers are indicative of the nutritional status of a chicken. However, the number of peptides identified for a specific PRT could perhaps provide a better indication of physiological necessity for that PRT. On a separate assay, bovine serum albumin and hen egg lysozyme dilutions were submitted to ion-trap mass spectrometry (Figure 4) . Good agreement was observed between the FIGURE 4. Number of precursor ions measured by ion-trap mass spectrometry proportional to concentration of added standard peptides of BSA and hen egg lysozyme. dilution concentration of those standard PRT and the number of peptides detected by ion-trap mass spectrometry. This finding would imply a feasibility of comparing 2 experimental treatments by the number of peptides obtained for a specific PRT. Moreover, it would appear that it could also serve as an evaluator of overall PRT quantity for a given sample. Hence, it appears that LA diets support a more diverse PRT anabolism or turnover in comparison to broiler chicks fed LD diets ( Figure  5 ).This conclusion can be drawn by the 3 and 6% increases in numbers of total and unique peptides, respectively, identified in chicks fed LA diets when compared with those fed LD diets.
There is great expectation that the presence of certain PRT could lead to biomarker identification. In the present experimentation, a certain number of PRT were identified and subsequently categorized based on functionality (Tatusov et al., 2003) . Consequently, a ratio between those PRT observed in plasma of chicks fed LA and LD diets was calculated (Figure 6 ). This example illustrates how categorization of PRT could aid in the clarification of certain nutritional mechanisms. In this particular case, those PRT associated with carbohydrate metabolism appeared to be segregated from all others. Plasma from birds fed LA diets appeared to have an increase in PRT associated with carbohydrate metabolism, particularly of enzymatic characteristics. The enzyme hexokinase was one of those PRT found in LA plasma and might have been present as an indication of an increase in uptake and the phosphorylation of glucose in skeletal muscle, considering that the uptake of glucose in hepatic tissues of chicken is mostly the task of glucokinase. Another indication of higher glycolytic activity in LA birds is the higher number of unique phosphofructokinase peptides found in LA plasma (3 peptides) when compared with plasma from LD birds (1 peptide). Presumably, birds fed LA diets may have FIGURE 6. Blood plasma protein ratio of broiler chicks fed adequate (LA) and deficient (LD) dietary Lys, subsequent to classification based on eukaryotic orthologous groups (Tatusov et al. 2003) . Classification abbreviations denoted as follows: A, RNA processing and modification; B, chromatin structure and dynamics; C, energy production and conversion (below detectable threshold); D, cell cycle and mitosis; E, amino acid metabolism and transport (below detectable threshold), F, nucleotide metabolism and transport (no peptides identified); G, carbohydrate metabolism and transport; H, coenzyme metabolism (no peptides identified); I, lipid metabolism; J, translation; K, transcription; L, replication and repair; M, membrane and cell wall structure and biogenesis (below detectable threshold); N, cell motility (below detectable threshold); O, post-translation modification-protein turnover-chaperone function; P, inorganic ion transport and metabolism; Q, secondary metabolitestheir biosynthesis, transport, and catabolism (below detectable threshold); R, general function; S, unknown function; T, signal transduction; Tg, growth factor hormone; U, intracellular trafficking and secretion; V, immune system; X, transport; Y, nuclear structure; Z, cytoskeleton; Zs, structural.
all nutrient demands met, thus allowing a more flexible glycolytic and gluconeogenic activity, whereas LD birds might have experienced a limitation in PRT synthesis, forcing a metabolic adaptation for glucose.
A final attempt to further classify identified PRT was made by selecting those related with muscle-associated functions. Figure 7 represents the proportion of PRT found to be present in LA, LD, or both blood plasma samples. A total of 16 PRT were identified with muscle-FIGURE 7. Muscle associated proteins present in blood plasma of broiler chicks fed adequate (La) and deficient (LD) dietary lysine. specific functions. Nine of those PRT were observed in both treatments, but 6 PRT were observed only in LA plasma, whereas 1 PRT was only found in LD plasma. The higher number of muscle-related PRT found in plasma from chicks fed LA diets may be due to increased apoptosis, tissue leakage, or muscle turnover activities. Their mere presence, however, could serve as an indicator of ongoing metabolic activities related to growth. With the exception of cardiac-muscle-factor-I, all common PRT identified have been previously reported to participate in skeletal muscle activity (Wilkinson, 1978; Lemaire et al., 1988; Yasuda et al., 1995; Ottini et al., 1996; Bandman et al., 1997; Oana et al., 1998) . Among those found only in LA plasma, growth/differentiationfactor-8-precursor, also known as myostatin, acts as a negative regulator of skeletal muscle growth (McPherron and Lee, 1997) . Furthermore, ubiquitin-specific-protease-66 has been found to participate in the production of free ubiquitin from linear polyubiquitin chains (Baek et al., 1998) , which in turn label muscle PRT for proteolysis and mark transmembrane PRT for ejection from the membrane. These 2 PRT could be an indication of a decrease in PRT accretion or perhaps an increase in PRT degradation in skeletal muscles in chicks fed LA diets. It could also be a signal of an ongoing control mechanism to maximize pectoralis development, based on the response of breast meat yield to adequate dietary Lys (Moran and Bilgili, 1990; Bilgili et al., 1992; Holsheimer and Ruesink, 1993; Kidd et al., 1998) . Another identified PRT in LA plasma, Pax7, is present in muscle precursor cells (Kawakami et al., 1997) , possibly indicating an increase in muscle tissue deposition. However, because a single pooled sample of blood plasma was used from the LA treatment and the LD treatment, confirmation of these preliminary results is needed.
Because the nature of this proteomics-based research was exploratory, only hypotheses can be provided about the nutritional mechanisms of Lys. However, the present experimentation provides an example for potential biomarker discovery, which in turn could lead to improved production. Although protein status in muscle is greatly influenced by dietary Lys supply (Tesseraud et al., 1992 (Tesseraud et al., , 1996 (Tesseraud et al., , 2001 , additional factors such as genetic predisposition may result in a more complex response to dietary Lys marginality (Leclercq et al., 1994) . For that reason, protein expression should be considered in future modeling as a potential monitor of nutritional status during experiments in which conventional assessments may not provide definite answers to hypotheses.
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